This document summarizes the pilot study to characterize The Dalles Dam spillbay 6 vortex using a surface-entrained Sensor Fish device. It was conducted by Pacific Northwest National Laboratory (PNNL) on April 13 and 14, 2006. The total spill was controlled at approximately 110 kcfs, the forebay elevation was about 158 ft, and the discharge of Bay 6 at the tested gate opening of 13 or 14 ft was approximately from 18 to 20 kcfs.
Summary
This document summarizes the pilot study to characterize The Dalles Dam spillbay 6 vortex using a surface-entrained Sensor Fish device. It was conducted by Pacific Northwest National Laboratory (PNNL) on April 13 and 14, 2006. The total spill was controlled at approximately 110 kcfs, the forebay elevation was about 158 ft, and the discharge of Bay 6 at the tested gate opening of 13 or 14 ft was approximately from 18 to 20 kcfs.
The objectives of the full study are to 1) develop baseline conditions for the detailed analysis of Sensor Fish measurements by deploying Sensor Fish in different surface locations in the vortex periphery; 2) observe the entrainment pattern and extract hydraulic data of interest such as acceleration, rotation, pressure, and estimated velocity of the Sensor Fish or drogues; and 3) integrate the experimental results with companion computational fluid dynamics (CFD) simulations and inertial particle tracking studies.
Because higher-than-expected river discharge led to the failure of the submerged release pipe at Bay 6, it was not possible to perform the full study as planned. The limited pilot study was undertaken to collect Sensor Fish data from surface release and to test the surface release mechanism. The full study may be completed at a later date when river discharge and water temperature are within the range required by the study design.
A total of 12 Sensor Fish were released in the surface at the upstream edge, left edge, downstream edge, and the core of the vortex at Bay 6. Because of the high discharge, the vortex patterns at the test condition were less organized than the patterns observed at lower discharges. Compared with the Sensor Fish released at mid-bay at Bay 6, Sensor Fish released from the surface at the vortex experienced higher pressure fluctuations, a larger percentage of severe events, and much more rapid angular velocities.
To address the possible causes and biological implications, we need more samples of vortexentrained Sensor Fish and details of non-entrained Sensor Fish released at the same locations upstream of the vortex. These samples would be collected as part of the planned full study.
iii 
Background
Because of their generally higher survival rate, spillways have been identified by fish management agencies as a preferred alternative for downstream passage of migrating juvenile fish. However, at The Dalles Dam, survival of juvenile salmonids that pass through the spillway is lower than survival through spillways at other mainstem Columbia and Snake River dams. After several years of survival research, it was determined that reduced spill levels result in higher survival rates for fish that passed through the spillway at The Dalles Dam. As a result, spill for juvenile fish passage was set at 40% of total river flow, a significant reduction from the 64% spill level previously set for juvenile fish passage. While survival has increased somewhat at the lower spill level, it is still lower than what is observed at most other U.S. Corps of Engineers operated dams in the basin (Normandeau et al. , 2004 .
In 2003, the Corps built a spillwall in The Dalles Dam stilling basin as a means to reduce lateral flow in the spilling basin and to further increase survival for juvenile fish that pass through the spillway. Along with the new training wall, new spill patterns were developed that involve spilling mostly through Bays 1-6. The first of a two-year post-construction evaluation was conducted in 2004. Results from a direct survival and injury test showed relatively high direct survival and low injury for fish passing through Bays 2 and 4, but lower-than-expected survival for fish passing through Bay 6 (Normandeau et al. 2005 ). There are some unique features associated with Bay 6 including a large vortex that forms upstream on the south side of Bay 6. Passage studies in 2004 indicated that approximately 25% of the fish passing through the spillway passed through Bay 6 and that survival through that Bay was lower than for fish passing through Bays 1-4. Furthermore, a 3-dimensional acoustic tag study at The Dalles Dam indicated that a large majority of fish passing through Bay 6 passed on the south side of that Bay. Previous investigations of the effect of vortex entrainment on fish and sampling of exposure conditions using Sensor Fish have been very limited. The Sensor Fish is an autonomous sensor device developed by PNNL to better understand the physical conditions fish experience during passage through hydroturbines and other dam bypass alternatives. In another study conducted by Normandeau Associates and PNNL concurrently with this study, live test fish and sensors will be introduced in Bay 4 and Bay 6, using an injection system similar to that used for previous balloon tag studies (Normandeau et al. 2005) , into flow upstream of the vortex at depths representative of those used by run-of-river fish. This method of introduction has the potential to place test fish in spill approach flow that better simulates the approach of run-of-river fish to the vortex because fish are released at several elevations upstream of the vortex. By releasing juvenile fish and Sensor Fish simultaneously, we can characterize the exposure conditions of juvenile fish using the Sensor Fish measurements. However, due to the complex nature of the water flow structure in the vicinity of the vortex, it is difficult to assess the details of the entrainment of fish and sensor fish. This ambiguity poses a challenge to the interpretation of the fish survival data and detailed analysis of Sensor Fish measurements; these interpretations and analysis are critical for the integration of these results with Computational Fluid Dynamics (CFD) models.
Objectives
The objectives of the full study are to 1) develop baseline conditions for the detailed analysis of Sensor Fish measurements by deploying Sensor Fish in different surface locations in the vortex periphery; 2) observe the entrainment pattern and extract hydraulic data of interest such as acceleration, rotation, pressure, and estimated velocity of Sensor Fish or drogues; and 3) integrate the experimental results with companion CFD simulations and inertial particle tracking studies.
Because higher-than-expected river discharge led to the failure of the submerged release pipe at Bay 6, it was not possible to perform the full study as planned. The limited pilot study was undertaken to collect Sensor Fish data from surface releases and to test the surface release mechanism. The full study may be completed at a later date when river discharge and water temperature are within the range required by the study design.
A total of 12 Sensor Fish were released at the surface at the upstream edge, left edge, downstream edge, and the core of the vortex at Bay 6. Because of the high discharge, the vortex patterns at the test condition were less consistent than the patterns observed at lower discharges. Compared with Sensor Fish released at mid-bay at Bay 6, the Sensor Fish released from the surface at the vortex experienced higher pressure fluctuations, a larger percentage of severe events, and much more rapid angular velocities.
Overview of this report
Chapter 2 provides an overview of the project site and experimental methods. Chapter 3 describes the pilot study conducted by PNNL in April 2006. Chapter 4 lists conclusions and recommendations for future studies based on findings from this pilot study. Appendix A includes all the Sensor Fish data collected in this pilot study.
1.2
Experimental Methods

Project Site
The Dalles Dam is located at river kilometer 306 on the main stem Columbia River. The powerhouse was completed in 1957 and is located between Oregon and Washington. The Dalles Dam consists of a 22-unit powerhouse, a 23-gate spillway, and a navigation lock. The configuration of this facility is such that the spillway is perpendicular to the river, while the powerhouse is parallel to the river. The spillway has an overall length of 1,370 ft and contains 23 gates, each 50 ft wide. Spill is regulated by tainter gates that pass water at a maximum depth of approximately 40 ft below the upstream water surface. Water discharged through the tainter gates plunges approximately 50 ft to the stilling basin. A single row of 9-ft-high by 10-ft-wide concrete baffles are located in the stilling basin to dissipate energy. An end sill lies downstream of the baffles; this structure is a 13-ft-high vertical wall and lies approximately 10 ft below normal tailrace elevation ( Fig. 2.1 ).
Sensor Fish Device
The Sensor Fish device ( Fig. 2. 2) is an autonomous device being developed at PNNL for the U.S. Department of Energy and Army Corps of Engineers to better understand the physical conditions fish experience during passage through hydroturbines and other dam bypass alternatives Duncan 2003, Deng et al. 2004) . It is 24.5 mm in diameter and 90 mm in length and weighs 42 grams. It is roughly the same size as a yearling salmon smolt and, like a fish, is nearly neutrally buoyant in fresh water. It measures the three components of linear acceleration (up-down, forward-back, and side-to-side), the three components of angular velocity (pitch, roll, and yaw), and the absolute pressure and temperature at a sampling frequency of 2,000 Hz (Deng et al. 2004 ). All devices were tested in a calibration apparatus. The relative errors of both the linear acceleration and angular velocity measurements were less than 5%.
In actual use, the Sensor Fish is only one part of a system necessary to acquire data on hydraulic conditions. There are other requirements related to deploying and retrieving the Sensor Fish, downloading acquired data, and analyzing and interpreting data. The system consists of modules that charge its internal battery, program the sensor settings, acquire data, convert from analog signal to digital form, download and analyze the data, and interpret the results. The acquired data are stored in an internal memory card and transferred to computers via a wireless infrared link with an external infrared link modem. Analysis of these data permits detailed assessment of the fish passage route, identification of potential problem areas and exposure to significant events such as collisions, strike, shear and severe turbulence. Sensor Fish device data has proven to be an important element in understanding biological test results by linking potential injurious exposures with live test fish injury and mortality observations.
Release Mechanism and Locations
The Sensor Fish were deployed in the surface of the vortex periphery by a lightweight release mechanism (Fig. 2.3 ). The Sensor Fish were tied with a loop to the snap in the release mechanism, which was controlled by a fishing rod through fishing line. After the Sensor Fish were lowered about 20 ft from the deck to the predetermined surface location, the fish line was slightly pulled; the resulting tension (jerk) caused the snap in the mechanism to open, the tying loop in the snap fell out and the Sensor Fish was released into the vortex.
A total of 12 valid Sensor Fish data sets at Bay 6 were obtained . They were distributed in the front, front edge (labeled F1 to F3), left edge (L1 to L3), back edge (B1 to B3), and the core (C1 to C3), respectively ( Fig. 2.4) . All of these releases were entrained in the vortex. 
Preliminary Results and Discussion
All the Sensor Fish releases were conducted on April 13 and 14, 2006. The total spill was controlled at approximately 110 kcfs. The spill of Bay 6 was approximately 18 and 20 kcfs for the tested gate openings of 13 and 14 ft, respectively. The water surface elevation was about 158 ft and 82 ft for the forebay and tailrace, respectively.
Vortex Generation
The vortex generation was recorded by a digital camcorder when the tainter gate was lifted from a closed position to 13 ft. When the opening was less than 7 ft (Fig. 3.1) , the vortex position was relatively stationary, its patterns were organized, and its core was readily identifiable. However, as the gate opening increased, especially at the test condition, the vortex patterns became less consistent ( Fig. 3. 2).
From observations made during moderate spillway flow discharge, the vortex looked like a Rankine Combined Vortex (RCV) (Rankine 1858 , Odgaard 1986 ). The RCV consists of a vortex core and outer flow zone. In the core, the tangential velocity is proportional to the distance to the center. It is also termed as solid body vortex in this region because the fluid rotates like a solid body. In the outer flow zone, the velocity has only an azimuthal component and is inversely proportional to the distance to the center. It is also called a potential flow zone because there is no vorticity in this region. RCV is usually described mathematically as:
where r 0 is the core radius and C is a constant.
In the vortex zone, the pressure on the outside is higher than the pressure inside, so there is a pressure difference that may entrain fish from ambient flows towards the vortex center. The scale and strength of the vortex vary as water swirls downward (Fig. 3.3 ) and the pressure distribution also varies with elevation . Therefore, the entrainment mechanics can be different for fish approaching the vortex at different elevations.
Sensor Fish Measurements
For a typical Sensor Fish released in the mid-bay, the pressure and acceleration measurements have characteristic signatures for particular passage events that are very helpful in identifying the occurrence and location of severe events, such as collisions and shear events. Readily identifiable are the time of passage from the injection pipe exit into the forebay, passage under the tainter gate, time in the spillway chute, transition to the tailrace, and passage in the tailrace (Fig. 3.4) . These distinctive signature events are used to estimate the probable location and time of collision or shear exposure events and timing information for integration with CFD results. In this study we found there was an increase of acceleration and angular velocity when the Sensor Fish passed under the tainter gate. The passage was smooth with very small acceleration and angular velocity in the spillbay chute until it entered the tail water and was close to the baffle blocks. In the tailrace immediately after the spillway, both the acceleration and angular velocity increased significantly because of the turbulent nature in this flow region.
A total of 12 Sensor Fish were released in the surface at the upstream edge, left edge, downstream edge, and the core of the vortex (Fig. 2.4) . The travel time from the front edge to the tainter gate was approximately 4.3 seconds, while it took only about one second to reach the gate for Sensor Fish released at the vortex core surface (Table 3 .1). From the entry point to the baffle blocks, eight out of the 12 releases had at least one severe event. An acceleration threshold of 95 g was selected as the definition of severe events from our previous laboratory investigations (Deng et al. 2005 , Richmond et al. 2006 . (Fig. 3.4) , all Sensor Fish released at the surface of the vortex sustained much higher angular velocities throughout the passage, even at the spillway chute, where Sensor Fish from the mid-bay release usually experienced only small angular velocities. This statement was also true even if the Sensor Fish didn't encounter any severe events from the entry to the baffle block region (Fig. 3.9) . If a juvenile fish is entrained in a similar fashion, the higher angular velocity could lead to disorientation or loss of equilibrium, and therefore could lead to an increase of its vulnerability to predators and indirect mortality. In addition, the pressure measurements indicate that the Sensor Fish entrained in the vortex experience higher pressure fluctuations, even though further experiments need to be conducted to study whether the source was due to the nature of vortex passage or the possible large slip velocity between the Sensor Fish pressure transducer and the surrounding water. The large angular velocity experienced by Sensor Fish within the vortex is comparable to that experienced by Sensor Fish passing through a turbine (Fig. 3.10) . Around a turbine, in addition to the downward flow, there is very strong angular momentum because of the rotation of the turbine and its blades. In some sense, the flow in the vortex at spillbay 6 is analogous to the swirling downward flow around a turbine. In addition, similar to turbine-passage fish in the vicinity of the turbine, spillway-passage fish also undergo a sharp pressure change within a fraction of second under the tainter gate at the spillbay. Therefore, if we exclude possibility of mechanical injury due to the strike by the turbine blades, fish entrained into the spillbay vortex during spillway passage may sustain similar complications as those fish passing through a turbine.
Finally, the vortex is close to the south wall of spillbay 6, and the flow on this side appears to be more turbulent and unsteady than that in the middle (Fig. 3.11) . Therefore, it raises a question about the possible cause of the high percentage of severe events and large angular velocity for the vortex-entrained Sensor Fish: is it because of the presence of the wall and the the Sensor Fish's proximity to the side wall or is it the turbulent nature of this flow region? This issue will be addressed in the full study by directly comparing vortex-entrained Sensor Fish releases with non-entrained Sensor Fish, which are released at the same locations in front of the vortex.
3.5 
Conclusions and Recommendations
From this pilot study of releasing Sensor Fish in the surface of the vortex at spillbay 6 at the Dalles Dam in April 2006, we determined the following:
• Surface release procedures for Sensor Fish were successful and can be used in future studies.
• Sensor Fish deployed from the surface experienced more "severe conditions" than those released from mid-bay at Bays 4 and 6.
• The large angular velocity experienced by Sensor Fish within the vortex is comparable to that experienced by Sensor Fish passing through a turbine. In some sense, the flow in the vortex at spillway 6 is analogous to the swirling downward flow around a turbine.
• To understand the hydraulic impact of a vortex on juvenile fish, the full study must be completed to collect more samples of vortex-entrained Sensor Fish to compare directly with entrained and non-entrained Sensor Fish released upstream of the vortex under more typical entrainment conditions.
• If possible, pipes and other objects which are upstream and in the vortex should be relocated or removed, and unnecessary non-uniform approach flow and entrainment should be avoided. However, it is recognized that a release pipe system will need to be placed upstream of the vortex for the biological test.
• A more flexible release pipe system is needed for spillway studies. The system should have more range of motion vertical and parallel to the spillway to address the obvious variability of spillway hydraulic and fish exposure conditions in both vertical and horizonal directions. Preliminary engineering analysis should be performed to determine whether such a system can be economically constructed to withstand static and dynamic loads over the range of expected discharge and in the presence of an unsteady vortex.
Magnitude, and Angular Velocity Magnitude Time Histories for Each Release
For completeness, all 12 releases are included this appendix. Refer to Fig. 2.4 for details of release locations. 
